
BRIEF COMMUNICATION

COVID-19-Associated Critical
Illness Myopathy with Direct

Viral Effects

Dubravka Dodig, MD,1

Mark A. Tarnopolsky, MD, PhD,2,3

Marta Margeta, MD, PhD,4

Katerina Gordon, MLT,5

Marvin J. Fritzler, PhD, MD,6 and
Jian-Qiang Lu, MD, PhD 5

Coronavirus disease 2019 (COVID-19) severe acute
respiratory syndrome-coronavirus 2 (SARS-CoV-2 infec-
tion) can lead to intensive care unit (ICU) admission and
critical illness myopathy (CIM). We examined 3 ICU
patients with COVID-19 who required mechanical venti-
lation for pneumonia and developed CIM. Pathological
examination of the skeletal muscle biopsies revealed
myopathic changes consistent with CIM, variable inflam-
mation with autophagic vacuoles, SARS-CoV immuno-
staining + fibers/granules, and electron microscopy
findings of mitochondrial abnormalities and coronavirus-
like particles. Although mitochondrial dysfunction with
compromised energy production is a critical pathogenic
mechanism of non-COVID-19-associated CIM, in our
series of COVID-19-associated CIM, myopathic changes
including prominent mitochondrial damage suggest a
similar mechanism and association with direct SARS-
CoV-2 muscle infection.
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The coronavirus disease 2019 (COVID-19) pandemic
due to severe acute respiratory syndrome-coronavirus

2 (SARS-CoV-2) infection has caused tremendous chal-
lenges for healthcare systems. A significant proportion of
patients with COVID-19 require intensive care unit
(ICU) admissions. ICU-acquired weakness (ICUAW) is a
common complication in critically ill patients, which
results in prolonged ICU stay with increased morbidity
and mortality.1,2 ICUAW comprises critical illness myopa-
thy (CIM) and/or critical illness polyneuropathy (CIP). It
has been noted that approximately 50% of critically ill
patients receiving mechanical ventilation for more than
7 days develop CIM and/or CIP.3

The diagnosis of CIM is based on clinical, elec-
trodiagnostic, and muscle biopsy findings.2,4 The latter is
characterized by severe muscle atrophy, loss of thick fila-
ments, and electron microscopy (EM) findings of

extensive loss of A bands (thick filaments) with retained I
bands (thin filaments) and Z lines. Muscle fiber necrosis
has also been reported as “acute necrotizing myopathy
of intensive care.”4,5 Although the pathogenesis of
CIM/ICUAW remains incompletely understood, one crit-
ical mechanism of CIM/ICUAW involves mitochondrial
dysfunction with compromised energy production due to
reduced mitochondrial generation of ATP.4–7 The mito-
chondrial dysfunction in critical illness may be attributed
to direct mitochondrial damage further aggravated by
inflammation, hyperglycemia, and free radicals. It is
unknown whether the COVID-19-associated CIM differs
from its non-COVID-19 counterpart,8 and whether direct
viral infection plays a role in COVID-19-associated myop-
athy.9 This study examined COVID-19-associated CIM
with a focus on its pathological changes.

Case Presentation and Muscle Pathology
Written informed consent was obtained from the patients/
families for publication of this case series. A copy of the
written consent is available for review by the Editor of this
journal. In all patients, systemic SARS-CoV-2 infection
was detected by reverse transcription-polymerase chain
reaction (PCR) assay of nasopharyngeal swabs. All the
patients underwent an open skeletal muscle biopsy.

Muscle biopsy examination
The muscle biopsy frozen tissue was processed and exam-
ined as described previously.10 Additional immunohisto-
chemistry (IHC) was performed on formalin-fixed,
paraffin-embedded tissue of the same biopsies at the IHC
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(UCSF) Health, San Francisco. The following antibodies
were used: p62/SQSTM1 (Progen Biotechnik; 1:100 dilu-
tion following antigen retrieval), LC3 (clone 5F10,
Enzo; 1:200 dilution following antigen retrieval),11 and
SARS-CoV nucleoprotein (SARS-CoV, Sino Biological;
NB100-56576, raised by a synthetic peptide corresponding
to amino acids 399 to 411 [ADMDDFSRQLQNS-C] of
the human SARS coronavirus nucleocapsid protein; 1:5000
dilution following antigen retrieval). After deparaffination,
rehydration, and antigen retrieval, automated IHC was per-
formed on 5-μm sections using the Ventana Ultra
autostainer (Ventana Medical Systems; for p62) or Leica
BOND III autostainer (Leica Biosystems Inc.; for LC3 and
SARS-CoV). The positive and negative controls for SARS-
CoV IHC are shown in Supplementary Figure S1. EM was
performed in a small portion of the muscle tissue that was
fixed in 2% glutaraldehyde, postfixed in 1% osmium
tetroxide, dehydrated, and embedded in resin. Ultrathin
sections were stained with uranyl acetate followed by lead
citrate, and examined with JEOL 1230 transmission elec-
tron microscope.10

Case 1
A 67-year-old woman was admitted with idiopathic
thrombocytopenic purpura treated with high-dose cortico-
steroids and intravenous immunoglobulin. Other medical
history included hypertension, dyslipidemia, and type
2 diabetes. On admission day 15, she developed pneumo-
nia and hypoxemia requiring intubation and prone venti-
lation; SARS-CoV-2 testing was positive. ICU course was
complicated by Klebsiella bacteremia, elevated serum
ammonia, metabolic encephalopathy, seizures, hemolytic
anemia, liver cirrhosis, pleural effusion, and severe weak-
ness with difficulty weaning off the respirator. Neurologi-
cal examination revealed bilateral facial weakness, limb
edema, and diffuse muscle atrophy with power graded 1/5
(Medical Research Council [MRC] scale) in deltoid mus-
cles and 0/5 in all the other muscles. Nerve conduction
studies (NCSs) showed unobtainable motor and sensory
responses from facial, median, tibial, peroneal, and sural
nerves; concentric needle electromyography (EMG) dem-
onstrated increased insertional activity and presence of
positive sharp waves (PSWs) and fibrillation potentials
(FPs) in multiple distal and proximal muscles, with occa-
sional myopathic motor units in deltoid muscle and no
volitional activity in any other muscles. Serum creatine
kinase (CK) levels were 35 to 175 IU/L (normal <220);
plasma lactate levels were persistently elevated at 3.4 to
26.8 mmol/L (normal 0.5–2.0). A muscle biopsy of the
left vastus lateralis, performed on day 92, revealed severe
myopathic changes including frequent atrophic and
degenerative fibers with loss of histological stainings,

vacuoles containing cellular debris, increased adipose tis-
sue, and scattered fibers with increased reactivity for nico-
tinamide adenine dinucleotide (NADH) and succinate
dehydrogenase (SDH). IHC demonstrated focally scattered
CD68+ macrophages, CD8+ T-cells, rare CD4+ T-cells,
sarcolemmal and sarcoplasmic MHC-1 staining in necrotic
and nonnecrotic fibers, occasional p62+ and LC3+ pun-
cta/vacuoles, and SARS-CoV+ fibers showing granular
staining (Fig 1A–I). EM showed extensive loss of A bands
with retained I bands and Z lines, numerous abnormal
mitochondria with focal to extensive loss of cristae and
other degenerative changes, crystalline inclusions, and virus-
like particles (some of which had characteristic surface pro-
jections/spikes, consistent with SARS-CoV-2; Fig 1J–R).
The patient had 3 follow-up SARS-CoV-2 tests that
remained positive; she died of sepsis and multi-organ failure
on day 101.

Case 2
A 25-year-old previously healthy man was admitted with a
1-month history of myalgia, fever, cough, and shortness of
breath. He tested positive for SARS-CoV-2 and was
treated for pneumonia with secondary hypoxemia; he was
admitted to the ICU requiring prone ventilation and
treated with tocilizumab and high-dose dexamethasone for
10 days. On ICU day 11, he was extubated but found to
have profound symmetrical weakness of the upper and
lower extremities. Neurological examination revealed an
overweight man with diffuse erythematous rash (drug-
related), and symmetrical weakness that was MRC grade
1 to 2/5 in the proximal and 4/5 in the distal muscles of
the upper and lower extremities. NCS demonstrated
absent sensory responses for the right sural and superficial
peroneal nerves. The compound motor action potentials
(CMAPs) were diminished in the right peroneal and tibial
nerves with no prolongation of distal motor latencies,
CMAP durations, or slowing of the motor velocities;
EMG demonstrated increased insertional activity with
presence of PSW and FP in multiple muscles, and early
recruitment in keeping with a myopathic process. CK was
elevated >22,000 IU/L; however, after receiving intrave-
nous immunoglobulin (2 g/kg), it decreased to 503 IU/L
7 days later and normalized a month later. Venous plasma
lactate levels were 1.6 to 1.8 mmol/L (normal 0.0–1.4).
SARS-CoV-2 testing repeated on day 33 was positive, and
a biopsy of the vastus lateralis muscle was performed on
day 36. The biopsy showed marked myopathic changes
with a few necrotic and regenerating fibers, uneven
NADH and SDH staining, p62+ and LC3+ autophagic
puncta/vacuoles, moderate inflammatory cell infiltrates
(mostly CD68+ macrophages with rare CD8+/CD4+
T-cells), focal MHC-1 staining, and SARS-CoV
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FIGURE 1: Case 1. A vastus lateralis muscle biopsy showing severe myopathic changes with atrophic fibers, degenerative/necrotic fibers
with loss of normal staining (A, hematoxylin and eosin; arrows), increased adipose tissue (A,*), fibers with mitochondrial proliferation
(B, Gomori trichrome staining; arrows), vacuoles containing debris (C, Gomori trichrome staining; arrow), and fibers with increased
reactivity for NADH (D,*). Immunohistochemistry revealing focally scattered CD68+ macrophages (E), CD8+ T-cells (F), MHC-1
sarcolemmal and sarcoplasmic staining in necrotic and non-necrotic fibers (G), occasional p62+puncta/vacuoles (H, arrows), and SARS-CoV
+ fibers containing strongly positive granules (I, arrows). Electronmicroscopy demonstrating extensive loss of A bandswith retainedZ lines
and I bands (J,*), virus-like particles in necrotic fibers (K, arrows, with characteristic surface projections/spikes; an inset of the left arrowed
area), and degenerative fibers (L-O, a series of magnifications focusing on a virus-like particle, arrows; L, with identifiable myofibrils,*; M,
the rectangle in L; N, highermagnification of the arrowed area inM;O, highermagnification of the arrowed area in N), numerous abnormal
mitochondria with electron-dense granules (P–R), focal to extensive loss of cristae, crystalline inclusions (Q, arrow), and virus-like particles
(R, arrow, with an inset of the arrowed area). Scale bars: 20 μm (A), 10 μm (B–I), 800 nm (J), 100 nm (K, N), 600 nm (L, P), 200 nm (M, Q),
50 nm (O), and500 nm (R). NADH= nicotinamide adeninedinucleotide; SARS-CoV= severe acute respiratory syndrome-coronavirus.
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FIGURE 2: Case 2. A vastus lateralis muscle biopsy showing marked myopathic changes with vacuoles (A, loss of hematoxylin and
eosin staining; B, lost or increased Gomori trichrome staining; arrows), rubbed-out centers on NADH staining with granular/
vacuolar positivity preferentially at the periphery (C, arrows), punctate immunostaining for p62 (D, arrows) and LC3 (E, arrows) in
the fiber centers, focal MHC-1 immunostaining (F), SARS-CoV+ fibers containing strongly positive granules (G, arrows), and
electron microscopy findings of fibers with loss of A bands and retained Z lines (H–J, *), vacuoles containing granules/particles
(H), virus-like particles in the subsarcolemmal areas (I–K, a series of magnifications focusing on a virus-like particle; J, the
rectangle in I, with an inset of the arrowed virus-like particle; K, the rectangle in J, containing the arrowed virus-like particle),
and disrupted myofibrils (L; M, the rectangle in L, containing the arrowed virus-like particle), and abnormal mitochondria in an
atrophic/degenerative fiber (N, with focally identifiable myofibrils and Z lines, *; O, the rectangle in L, containing abnormal
mitochondria, *). Scale bars: 10 μm (A–G), 1 μm (H, I), 400 nm (J), 100 nm (K, M), 600 nm (L), 2 μm (N), and 200 nm (O).
NADH = nicotinamide adenine dinucleotide; SARS-CoV = severe acute respiratory syndrome-coronavirus.
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immunostaining + fibers showing granular staining
(Fig 2A–G). EM demonstrated loss of muscle fiber A
bands with retained I bands and Z lines, abnormal mito-
chondria, and vacuoles containing virus-like particles
(Fig 2H–O). The patient’s clinical course was complicated
by staphylococcal bacteremia and acute kidney injury, but
he responded well to treatment and regained motor func-
tion; follow-up assessment 2 months after the discharge
revealed no residual weakness.

Case 3
A 61-year-old, fully ambulatory woman presented with a
1-month history of respiratory distress and fever, and
SARS-CoV-2+ testing. Her medical history was remarkable
for interstitial lung disease, inflammatory myositis (with
positive anti-SSA/Ro60, anti-Jo-1, and anti-Ro52/
TRIMS21 autoantibodies; treated with mycophenylate and
corticosteroids), insulin-dependent diabetes, and dys-
lipidemia. She required ICU admission with prolonged
mechanical ventilation and difficulty weaning off the venti-
lator; she was treated with high-dose pulse intravenous
methylprednisolone. Neurological examination revealed an

alert and conscious woman with significant peripheral
edema, atrophy of the extremity muscles, and inability to
voluntarily move her limbs (MRC grade 0/5), but light
touch and vibration sensations were grossly intact. NCS
showed no obtainable motor responses from the bilateral
median, ulnar, and left peroneal nerves. The CMAPs were
diminished for the left tibial nerve with no prolongation of
distal motor latency, CMAP durations, or slowing of the
motor velocity. The amplitudes of sensory nerve action
potentials were diminished for the bilateral median and
ulnar nerves. Palmar and sensory latencies were only mildly
prolonged for the bilateral median nerves. Sensory responses
were not obtainable for the left sural and superficial pero-
neal nerves (potentially technical issue and attributable to
marked peripheral edema); EMG demonstrated PSW and
FP in biceps, triceps, and vastus lateralis muscles with
absent volitional activity. Serum CK levels were persistently
low (23–41 U/L). Plasma lactate levels were elevated at 2.5
to 14.5 mmol/L (normal 0.5–2.0). A muscle biopsy of the
vastus lateralis (severely atrophic at operation, on ICU day
53) exhibited fibro-adipose tissue with rare residual atrophic
fibers, occasional vacuoles containing muscle debris, focally

FIGURE 3: Case 3. A biopsy of the vastus lateralis muscle showing fibro-adipose tissue with rare residual atrophic fibers
(A, hematoxylin and eosin; arrows; inset in A, ATPase 4.3 histochemical staining: negative atrophic fibers compared to the
arrowheaded positive granules), occasional vacuoles containing muscle debris positive for myoglobin immunostaining (B, arrows),
focally scattered CD68+ macrophages (C) and CD8+ T-cells (D), but negative SARS-CoV immunostaining (E). Electron
microscopy demonstrating abnormal mitochondria with focal degenerative changes (F; arrows, compared to a relatively
preserved mitochondrion, arrowhead). Scale bars: 20 μm (A), 10 μm (B–E), and 200 nm (F). SARS-CoV = severe acute respiratory
syndrome-coronavirus.
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scattered CD68+ macrophages, occasional CD8+ T-cells,
and ultrastructurally abnormal mitochondria (Fig 3).
Although her atrophic muscle biopsy was SARS-CoV IHC
negative, systemic SARS-CoV-2 tests 15 days before the
biopsy (ICU day 38) and 11 days after the biopsy were pos-
itive. She was discharged from the ICU with significant
residual weakness on day 74.

Discussion
SARS-CoV-2 infection-associated myopathy may be an
immune-mediated necrotizing myopathy, unspecified nec-
rotizing myopathy or myositis.12–14 SARS-CoV immuno-
staining of skeletal muscle was performed in 2 recently
reported autopsy studies, and negative possibly due to
postmortem changes with a postmortem interval of up to
6 days,13,14 although positive SARS-CoV-2 testing by
reverse transcription quantitative PCR (RT-qPCR) was
found in at least 16% (7/41) of quadriceps and 5% (2/42)
of deltoid muscles.14 Our present study (with the muscle
biopsy tissue processed in 0.5 day) is the first to
demonstrate SARS-CoV+ myofibers with granular
staining and EM finding of virus-like particles consistent
with SARS-CoV-2, which suggests direct viral infection of
the muscle in some patients with COVID-19.

Our present cases are clinically and pathologically
consistent with CIM. The muscle biopsies in our study
showed not only typical CIM pathological features
(reported in non-COVID-19 patients), such as abnormal
mitochondria and selective loss of thick filaments, but also
additional features, such as variable inflammation with
autophagic puncta/vacuoles as demonstrated by p62 and
LC3 IHC,11 and SARS-CoV+ myofibers with EM find-
ing of virus-like particles. The presence of moderate
inflammatory cell infiltrates with predominantly CD68+
macrophages and variable CD8+ T-cells (but rare CD4+
T-cells) is compatible with an inflammatory/infectious or
necrotizing process, which may be associated with second-
ary mitochondrial abnormalities in critically ill patients.15

In our study, the mitochondrial abnormalities in muscle
biopsies were congruent with elevated blood lactate levels
in those patients. The additional pathological features are
presumably related to COVID-19, in keeping with pro-
longed systemic SARS-CoV-2 infection in our patients.

There have been increasing reports of patients with
COVID-19-associated CIM, but few studies with muscle
biopsies.2,16 A study of 12 patients who were diagnosed
COVID-19 positive with CIM/CIP had 3 muscle biopsies
showing scattered necrotic and regenerative myofibers in
one patient, and nonspecific myopathic features in 2 other
patients, but no EM information.2 On EM, SARS-CoV-2
particles are typically aggregated in single-membrane-

bound vacuoles or isolated singly with surface projections
(spikes) in well preserved tissue.17–19 Our EM finding of
coronavirus-like particles (with some characteristic surface
projections/spikes, as shown in Figs 1K–O and 2I–M) in
the muscle is similar to that demonstrated previously in
the other organs, such as the lungs, kidneys, and olfactory
mucosa,17–19 which is consistent with the IHC finding of
SARS-CoV+ granules and prolonged systemic SARS-
CoV-2 infection with repeat PCR+ results in our
patients.

Long-term COVID-19 (“long COVID”) has been
increasingly recognized, with a range of persistent symp-
toms, including fatigue or muscle weakness in most patients
following COVID-19.20,21 An EMG NCS study has iden-
tified myopathic changes in 55% of patients with long-term
fatigue after COVID-19.21 Although the underlying mech-
anisms of long-term COVID-19 remain unknown, the
direct effects of viral infection have been considered along
with a few other parameters, such as immunological
response and ICU stay.20 The rapid loss of muscle mass fol-
lowing severe COVID-19 has been termed “post-COVID-
19 associated sarcopenia” and mitochondrial dysfunction
has been proposed to be one of the underlying mecha-
nisms, as established for sarcopenia of aging.22 Our present
findings of the direct viral infection of skeletal muscle and
associated mitochondrial abnormalities may help elucidate
the pathogenesis of muscle weakness and myopathic
changes in patients with long-term COVID-19.

In conclusion, our case series demonstrates myo-
pathic changes that are consistent with CIM associated
with SARS-CoV-2 muscle infection. We speculate that
SARS-CoV-2 muscle infection contributes to the CIM-
like pathology in critically ill patients with COVID-19.
The COVID-19-associated CIM may show not only con-
ventional CIM features described in non-COVID-19
patients, but also COVID-19-associated myopathic
changes, such as autophagic vacuoles, SARS-CoV immu-
nostaining+ granules, variable inflammation, and addi-
tional mitochondrial abnormalities.
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